Post-translational modifications in histones have been associated with cancer. Although cigarette sidestream smoke (CSS) as well as mainstream smoke are carcinogens, the relationship between carcinogenicity and histone modifications has not yet been clarified. Here, we demonstrated that CSS induced phosphorylation of histones, involving a carcinogenic process. Treatment with CSS markedly induced the phosphorylation of histone H3 at serine 10 and 28 residues (H3S10 and H3S28), which was independent from the cell cycle, in the human pulmonary epithelial cell model, A549 and normal human lung fibroblasts, MRC-5 and WI-38. Using specific inhibitors and small interfering RNA, the phosphorylation of H3S10 was found to be mediated by c-jun N-terminal kinase (JNK) and phosphoinositide 3-kinase (PI3K)/Akt pathways. These pathways were different from that of the CSS-induced phosphorylation of histone H2AX (γ-H2AX) mediated by Ataxia telangiectasiamutated (ATM) and ATM-Rad3-related (ATR) protein kinases. A chromatin immunoprecipitation assay revealed that the phosphorylation of H3S10 was increased in the promoter sites of the proto-oncogenes, c-fos and c-jun, which indicated that CSS plays a role in tumor promotion. Because the phosphorylation of H3S10 was decreased in the aldehyde-removed CSS and was significantly induced by treatment with formaldehyde, aldehydes are suspected to partially contribute to this phosphorylation. These findings suggested that any chemicals in CSS, including aldehydes, phosphorylate H3S10 via JNK and PI3K/Akt pathways, which is different from the DNA damage response, resulting in tumor promotion.
Introduction
Cigarette smoke contains more than 4800 substances, at least 60 of which are carcinogenic to animals and 10 of which are also carcinogenic to humans, according to the International Agency for Research on Cancer evaluation. Several epidemiological trials have clearly demonstrated that cigarette smoking is the main cause of human cancer, and cigarette smoke has been defined as a group 1 carcinogen by the International Agency for Research on Cancer classification. Active smoking is clearly associated with the high incidence of various types of cancer. Passive smoking is also presently considered to increase the risk of developing various diseases, notably lung cancer (1) (2) (3) . In 2002, International Agency for Research on Cancer concluded that there was sufficient evidence to show that passive smoking caused lung cancer in humans. Passive smoking was shown to cause lung cancer in people who never smoked, with an excess risk in the order of 20% for women and 30% for men (1) .
The potential genetic hazards of cigarette sidestream smoke (CSS) are of great concern because there is a strong association between DNA damage and carcinogenesis. Cigarette smoke (both mainstream and sidestream smoke) contains polycyclic aromatic hydrocarbons, aldehydes, nitrosamines, metals and reactive oxygen species (ROS), which have genotoxic and mutagenic potentials (4) . Epidemiological data and investigative studies have shown that exposure to CSS causes various forms of DNA damage such as single-strand breaks, DNA oxidation (8-oxo-7,8-dihydro-2ʹ-deoxyguanosine) and DNA adducts in the tissues of non-smokers and cultured cell lines (5, 6) . We recently showed that CSS induced DNA double-strand breaks, involved with phosphorylated histone H2AX (γ-H2AX) (7) . Mistakes in the repair of DNA damage including DNA double-strand breaks are an important factor in the development of genomic instability, which is closely related to cell canceration (8) .
In addition to DNA damage leading to genetic abnormalities, cigarette smoke has been proposed to act as a tumor promoter. This is supported by findings in which cigarette smoke extracts promoted cell proliferation and survival (9, 10) , and induced anchorage-independent growth (11, 12) . The activation of some signaling pathways such as the mitogen-activated protein kinase (MAPK) cascade plays central role in promoting activity (9, 10) , that is, these pathways send signals for the proliferation and survival of cells. Cigarette smoke was shown to activate extracellular signal-regulated kinase (ERK) and c-jun N-terminal kinase (JNK), followed by an increase in the transcriptional activity of nuclear factor-κB and AP-1, which resulted in the expression of some genes (9, 10, (13) (14) (15) . Inhibition of these pathways attenuated cigarette smoke-induced cell proliferation (9) .
Histone phosphorylation of H3 has recently been reported to be related to tumor promotion (16, 17) . In eukaryotes, DNA is packaged into nucleosomes, the core of which is an octameric particle consisting of two each of the class H2A, H2B, H3 and H4 histones. Histones are subject to multiple post-translational modifications, including acetylation, methylation and phosphorylation (18) , and their histone modifications influence chromatin organization and can regulate many DNA-templated processes including transcription, replication, recombination and repair (19) . Phosphorylation of histone H3 has been linked to mitotic chromatin condensation (20, 21) and at least two serine residues, Ser10 and Ser28, were shown to be phosphorylated in the process of mitosis. Increased phosphorylation at Ser10 and Ser28 (H3S10 and H3S28) starts in late G 2 in pericentrometric regions and then spreads throughout the chromosome arms as mitosis proceeds. Phosphorylation has also been linked to transcriptional regulation during interphase. H3S10 and H3S28 phosphorylation occurs in a manner that is dependent on specific stimulation or stress in association with the induction of immediate-early genes, including the protooncogenes c-fos and c-jun (22, 23) . This is regulated downstream of the activation of MAPK pathways. Well-known tumor-promoting agents, epidermal growth factor and 12-O-tetradecanoylphorbol-13acetate, were shown to induce the phosphorylation of H3S10 and H3S28, which were mediated by MAPK and crucial for cell growth and transformation (16, 17) .
The phosphorylation of H3S10 has been reported in several environmental factors such as arsenite (24) , nickel (25) and UVB (26, 27) . The arsenite-triggered phosphorylation of H3S10 contributes to the enhancement in transcription of the proto-oncogenes via the ERK pathway. Nickel phosphorylated H3S10 via the JNK pathway has also been implicated in carcinogenesis. As cigarette smoke can activate MAPK as described previously, the phosphorylation of H3S10 may also be involved in the transcription of specific genes. Exposure to cigarette smoke generated the phospho-acetylation of H3S10K9 in the lung tissue of mice (28, 29) . However, H3S10 phosphorylation by cigarette smoke and its relationship with tumor-promoting activity has not yet been demonstrated.
In this study, we first examined several modification changes in histone H3 following the treatment with CSS in the human lung adenocarcinoma epithelial cell line, A549 and human normal lung fibroblasts, MRC-5 and WI-38, and demonstrated both the initiating and promoting activity of CSS based on histone modifications.
Materials and methods
Preparation of CSS CSS generated by the spontaneous combustion of five cigarettes (tar: 14 mg, nicotine: 1.2 mg, Japan Tobacco Co.) was trapped in 100 ml of Dulbecco's modified Eagle's medium (DMEM; 25°C) by bubbling using a dry vacuum pump (pumping speed: 45 l/min; DA-30D; ULVAC, Kanagawa, Japan). DMEM containing CSS is herein referred to as 'CSS (100%)'. The smoke collection method (setting up of a smoke-picking device and the number of burned cigarettes) was referred to the method recommended by the Cooperation Centre for Scientific Research Relative to Tobacco (30) . CSS in this study refers to the smoke that evolves from cigarettes during a smoking run other than that from the mouth end.
To prepare aldehyde-free CSS, 100 g of silica gel (Wako gel C-200; Wako Pure Chemical Industries Ltd, Osaka, Japan) was treated with 1 g of 2,4-dinitrophenyl hydrazine (DNPH) dissolved in acetone/methanol and dried at 37°C. CSS was passed through this coated gel before been trapped in DMEM.
Cells and treatment with CSS
A549 cells (provided by the Japanese Collection of Research Bioresources, Osaka, Japan) were maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of penicillin/streptomycin at 37°C in an atmosphere of 5% CO 2 . All experiments were performed with exponentially growing cells. WI-38 and MRC-5 cells (provided by the RIKEN Cell Bank, Ibaraki, Japan) were maintained in Eagle's minimal essential medium and α minimal essential medium supplemented with 10% FBS, respectively. The population doubling levels of WI-38 and MRC-5 cells were 37.8 and 42.5, respectively. Cells were cultured in medium with 0.5% FBS for 24 h and were then treated with various concentrations of CSS (~100%) at 37°C for the given periods (~8 h). In experiments on the inhibition of signal pathways, suitable inhibitors were added 30 min before the treatment with CSS.
Extraction of the nuclear fraction and western blotting
Cells treated with CSS were harvested and suspended in 1 ml of ice-cold hypertonic buffer [210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl (pH 7.5), 1 mM ethylenediaminetetraacetic acid (EDTA; pH 7.5)]. After homogenization, the nuclear fraction was collected by centrifugation at 2000g for 5 min and washed once with the buffer. The pellet was suspended in 100 μl of lysis buffer [50 mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40 and 1 mM phenylmethylsulfonyl fluoride], sonicated and stood on ice for 2 h. After centrifugation at 12 000g for 5 min, the supernatant was collected. The amount of protein was estimated using a DC protein assay kit (Bio-Rad, Hercules, CA).
In the experiments on MAPK and Akt activation, whole cells were lysed in lysis buffer and the amount of protein was estimated as described previously.
Samples containing ~20 μg protein were separated on 10% or 12.5% (detection of histone modifications) polyacrylamide gels [sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)] and blotted onto polyvinylidene fluoride transfer membranes. Membranes were stained with 0.25% Coomassie Brilliant Blue R250 and the images of histones were scanned for proof of equal loading. After blocking with 3% non-fat milk, membranes were incubated with the primary antibody (dilution: 1:1000) against phospho-histone H3 (S10 or 28), acetyl-histone H3 (global, K9 or 14), phospho-histone H2AX (S139, rabbit) (Millipore Co., Billerica, MA), phospho-ERK, ERK, phospho-JNK, JNK, phospho-p38, p38, phospho-Akt, Akt (Cell Signaling Technology, Beverly, MA) and actin (Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C, and then with the secondary antibody conjugated with horseradish peroxidase (Jackson Immuno Research Laboratories, West Grove, PA) for 2 h. Protein expression was visualized with an enhanced chemiluminescence detection kit (GE Healthcare, Buckinghamshire, UK).
Immunofluorescence microscopy
Cells grown on Lab-Tek chamber slides (Nalge Nunc, Rochester, NY) were treated with CSS for 2 h. After incubation for 2 h, they were fixed in 2% paraformaldehyde for 5 min at room temperature and then in 100% methanol for 20 min at −20°C. Fixed cells were immersed in buffer containing 100 mM Tris-HCl, 50 mM EDTA and 0.5% Triton X-100 for 20 min at room temperature for better permeabilization and blocked with 1% bovine serum albumin (BSA) for 30 min at 37°C. After being washed with phosphate-buffered saline (PBS), they were incubated with the primary antibody against phospho-histone H3S10 or phospho-histone H2AXS139 (mouse; dilution: 1:200; Millipore Co.) for 4 h at room temperature and then with the secondary antibody conjugated with fluorescein isothiocyanate or Cy5 (Jackson Immuno Research Laboratories) for 2 h. To confirm the distribution of foci, the nucleus was stained with propidium iodide (PI; 20 μg/ml) or Hoechst 33342 (10 μg/ml). Images were acquired on a fluorescence microscope (IX70; Olympus).
Flow cytometric analysis of phospho-H3S10 and cell cycle distribution
Cells treated with CSS were fixed in ice-cold 70% ethanol and kept at −20°C for at least 2 h. The fixed cells were centrifuged at 2000 r.p.m. for 5 min and washed twice with PBS. They were resuspended in PBS containing 0.2% Triton X-100 and 1% BSA (BSA-T-PBS) and kept at room temperature for 15 min. Cells were incubated with the antibody against phospho-histone H3S10 (dilution: 1:200) for 1 h, then with a secondary antibody conjugated with fluorescein isothiocyanate (dilution:1:200) for 1 h in BSA-T-PBS. After the immunoreaction, cells were resuspended in BSA-T-PBS containing 1 μg/ ml ribonuclease A. PI (10 μg/ml) was added prior to the measurement for cell cycle analysis. The fluorescence intensity of fluorescein isothiocyanate and PI was determined using flow cytometry (FACS CANT™ II; Becton Dickinson, Franklin Lakes, NJ). At least 10 000 cells per sample were analyzed.
Knockdown of Akt by small interfering RNA
Cells were seeded at 3 × 10 6 cells/100 mm tissue culture dish for the small interfering RNA (siRNA) experiments. Control non-targeting siRNA (control siRNA) was purchased from Dharmacon (Chicago, IL). Akt1 siRNA was synthesized using the sequence that showed the most effective gene silencing of the four Akt1 siRNA purchased from Dharmacon. After 24 h of culture, cells were transfected with 1.2 nmol of annealed siRNA per 100 mm dish using Lipofectamine™ RNAiMAX2000 (Invitrogen Co., Carlsbad, CA), as recommended by the manufacturer's protocol. Following further culture for 48 h, cells were plated in a 24-well plate or 35 mm dishes for experiments and were then cultured for 24 h. Knockdown efficiency was confirmed by western blot analysis.
RNA isolation and real-time reverse transcription-PCR
Total RNA from cells treated with CSS was isolated using total RNA isolation kit (MACHEREY-NAGEL GmbH and Co. KG). RNA (800 ng) was converted into complementary DNA using PrimeScript® RT reagent kit (TaKaRa, Kyoto, Japan). Real-time PCR reactions were performed on LightCycler® Nano System using SYBR Green PCR Master Mix (Roche Applied Science, Penzberg, Germany). Primer pairs are shown in Supplementary Table 1 , available at Carcinogenesis Online. Fold change was normalized to glyceraldehyde 3-phosphate dehydrogenase levels and ratio to untreated sample was calculated.
Chromatin immunoprecipitation and real-time PCR
Cells treated with CSS (2 × 10 6 cells/100 mm dish) were harvested and suspended in FACS buffer (PBS containing 5-10% FBS and 0.1% sodium azide). Chromatin was cross-linked using formaldehyde and 1.5 M glycine was added to stop the reaction. After being centrifuged at 440g for 5 min, 300 μl of SDS lysis buffer (50 mM Tris-HCl, pH 8, 10 mM EDTA, 1% SDS) containing proteinase inhibitors was added, followed by sonication on ice using a bath-type sonicator (Bioruptor; Cosmo Bio, Tokyo, Japan) to shear the chromatin into 200-500 bp fragments. After centrifugation for 10 min at 20 000g, the supernatant was divided equally into two fractions, which were subsequently used to isolate input DNA or perform chromatin immunoprecipitation (ChIP) assays.
The ChIP assay was performed using a OneDay ChIP kit (Nippon Gene Co. Ltd, Japan) as recommended by the manufacturer's protocol. Briefly, chromatin solutions were incubated overnight at 4°C with 2 μl of the rabbit IgG antibody or with 2 μl of the purified antibody specifically recognizing phospho-histone H3S10. After an overnight incubation, protein A agarose beads were added to each reaction to precipitate antibody complexes. Precipitated genomic DNA was used as a template in real-time PCR after being reverse cross-linked by proteinase K and purified by a DNA purifying slurry.
Real-time PCR was performed using LightCycler® Nano System. PCR conditions were as follows: 10 min at 95°C followed by 40 cycles of denaturation (95°C, 30 s), annealing (60°C, 30 s) and extension (72°C, 30 s). Primer pairs are shown in Supplementary Table 1 , available at Carcinogenesis Online. Enrichment was calculated as follows: % of input = R (Ct input -Ct ChIP) × F ×100, where R is the rate of amplification and F is the value from the dilution rate. The value in each amplified region was corrected with the IgG ChIP value and is shown as a ratio to the untreated control.
Statistics
All experiments were repeated two or three times. Data are presented as the mean ± SD (n = 3-5). Data were analyzed by a one-way analysis of variance Y.Ibuki et al.
followed by Dunnett's t-test for comparisons between groups. Significance was represented by *P < 0.05.
Results

CSS phosphorylated histone H3
The marked phosphorylation of H3S10 and H3S28 was observed following the treatment with CSS (50%) in A549 cells ( Figure 1A ).
Acetylation of H3K9 and H3K14 slightly increased at 60-180 min and 120-360 min, respectively, whereas a change in global acetylation was not detected at the N-terminal of histone H3. The phosphorylation of H3S10 was CSS dose-dependent ( Figure 1B ). These histone modifications were also induced in human normal lung fibroblasts, MRC-5 and WI-38 ( Figure 1C and Supplementary Figure 1 , available at Carcinogenesis Online). The cells were treated with CSS at the concentrations below 12.5% because they were detached from Fig. 1 . Modifications in histone H3 after exposure to CSS. (A) Time-dependent modifications in histone H3 after exposure to CSS. A549 cells were treated with CSS at 50%. H3 (CBB staining) was used as a standard for the equal loading of proteins for SDS-PAGE. (B) Dose-dependent phosphorylation of H3S10. A549 cells were treated with CSS (6.25-100%) for 120 min. (C) Phosphorylation of H3S10 in normal human lung fibroblasts. MRC-5 and WI-38 were treated with CSS at 12.5% for ~480 min, or with CSS at ~12.5% for 60 min. (D) Images of the phosphorylation of H3S10 after exposure to CSS. A549 cells treated with CSS at 25 and 75% for 120 min, and MRC-5 and WI-38 cells treated with CSS at 12.5% for 60 min, were stained with the antibody for phosphorylated H3S10 (p-H3S10) and PI. (E) The cell cycle and phosphorylation of H3S10 after exposure to CSS. A549 cells treated with CSS (50%) for 120 min, and MRC-5 and WI-38 cells treated with CSS (12.5%) for 60 min, were fixed and stained with the antibody for p-H3S10 and PI. Left panels: cell cycle distribution analyzed by PI staining; right panels: dot blots of p-H3S10 and cell cycle phases (PI). In dot blots of MRC-5 and WI-38 cells, cell cycle distribution was shown in top left histograms.
culture dishes above the concentrations. Significant phosphorylation of H3S10 and H3S28 was observed in CSS dose-dependent manner ( Figure 1C) . The phosphorylation increased up to 60 min and gradually decreased from 120 min. This dephosphorylation of H3S10 might be due to low concentration of CSS. Similarly, in A549 cells, the phosphorylation did not last for long time following the treatment with low concentration of CSS (20%; Supplementary Figure 2 , available at Carcinogenesis Online). Acetylation of H3K9 and H3K14 increased around the same time with the phosphorylation; however, a change in global acetylation was not observed ( Supplementary Figure 1 , available at Carcinogenesis Online). This was similar with the results of modifications in A549 cells. Phosphorylation of H3S10 was reported to enhance the acetylation of H3K14 (31, 32) . Detection of acetylated H3K9 and H3K14 is not due to interference of antibodies caused by modifications of neighbors because the acetylation of H3K9 and H3K14 did not completely correspond to the time-course pattern of phosphorylation of H3S10.
Images of immunofluorescence staining are shown in Figure 1D . H3 was shown previously to be phosphorylated at Ser10 and Ser28 on condensed mitotic chromosomes, and this has been used as a marker of mitosis (20, 21) . Clear phosphorylation of H3S10 was observed after treatment with CSS in all three cell lines. Figure 1E shows flow cytometric histograms of the cell cycle (left) and dot plots showing the relationship between the cell cycle and phosphorylation of histone H3S10. The treatment with CSS did not change the cell cycle distribution. Phosphorylation increased toward the late S phase in untreated A549 cells, which indicated that phosphorylation occurred on condensed mitotic chromosomes. CSS-induced phosphorylation was different from mitosis-related phosphorylation, which was augmented both in G 1 and G 2 /M cells.
Phosphorylation is generally regulated by both the activation of kinase and suppression of phosphatase. To investigate whether dephosphorylation occurred as a result of the treatment with CSS, in vitro phosphatase assay was performed ( Supplementary Figure 3 , available at Carcinogenesis Online). Total histones purified from A549 cells were incubated with cellular extracts. The extract from untreated cells dephosphorylated H3S10 after an incubation for 1 h at 37°C, but not at 4°C. Okadaic acid, a specific inhibitor of protein phosphatase 1 and 2A, inhibited dephosphorylation in a dose-dependent manner. The addition of CSS to the reaction mixture did not prevent dephosphorylation. These results indicated that the phosphorylation of H3S10 enhanced by CSS was attributable to kinase activation, not to the suppression of phosphatase.
H3S10 was phosphorylated after treatment with CSS independent from DNA damage
We previously reported that CSS generated γ-H2AX, which was partially due to the production of ROS (7) . γ-H2AX is known to be regulated by the DNA damage response Ataxia telangiectasia-mutated (ATM) and ATM-Rad3-related (ATR) kinases (33) . To elucidate the relationship between the phosphorylation of H3S10 and the kinases, caffeine, an inhibitor of ATM and ATR, was pretreated before the treatment with CSS. γ-H2AX was generated in a CSS-dose-dependent manner, which was completely suppressed by caffeine ( Figure 2A ). As Supplementary Figure 4 , available at Carcinogenesis Online, demonstrated that caffeine did not change or slightly enhanced the DNA damage induced by CSS, the inhibition of γ-H2AX by caffeine in Figure 2A was not due to the suppression of DNA damage induced by CSS. On the other hand, the phosphorylation of H3S10 did not change with the caffeine pretreatment. In addition, the distribution of those phosphorylation sites was also not merged ( Figure 2B ). The phosphorylation of H3S10 was global in the nucleus and showed very fine dots, whereas the foci of γ-H2AX were larger. These results suggested that the phosphorylation of H3S10 was not due to the DNA damage induced by CSS or the activation of ATM/ATR.
We previously showed that CSS produced ROS and that γ-H2AX induced by CSS was suppressed by antioxidant (7) . About 10 mM of H 2 O 2 , a dose which was larger than that in CSS, did not induce the phosphorylation of H3S10 ( Supplementary Figure 5 , available at Carcinogenesis Online). This demonstrated that ROS and ROSmediated DNA damage did not contribute to the phosphorylation of H3S10.
Histone H3S10 was phosphorylated via MAPK and Akt pathways MAPK cascades have been reported to be required for the phosphorylation of H3S10 induced by arsenite, UVB, epidermal growth factor and others (24) (25) (26) (27) . CSS time-and dose-dependently induced the phosphorylation of ERK and JNK, whereas the phosphorylation of p38 was weak ( Figure 3A) . Each specific inhibitor and combinations were treated before the addition of CSS. The effects of these inhibitors were confirmed in Figure 3B . U0126 and SP600125 suppressed the phosphorylation of ERK and JNK, respectively, and did not influence the others. The phosphorylation of H3S10 was slightly inhibited by U0126 and significantly by SP600125 ( Figure 3C ). The p38 inhibitor, SB203580, did not affect phosphorylation. These results indicated that the phosphorylation of H3S10 induced by CSS occurred via the activation of MAPK cascades, mainly the JNK pathway and slightly the ERK pathway.
The correlation with phosphoinositide 3-kinase (PI3K)/Akt pathway, known as the survival and growth pathway, was examined. The effects of PI3K inhibitors on the phosphorylation of H3S10 and H2AXS139 (γ-H2AX) were examined in Figure 4A . Although wortmannin and LY294002 are known to inhibit DNA-PKcs, which belongs to the family of PI3K and acts to repair double-strand breaks, LY294002 did not influence the degree of DNA damage induced by CSS at 4 h ( Supplementary Figure 4 , available at Carcinogenesis Online). As ATM and ATR also belong to a family of kinases that have sequence homology to PI3K, γ-H2AX which was generated by CSS via ATM/ATR, was completely inhibited by wortmannin and LY294002 similar to the ATM/ATR inhibitor, caffeine as shown in Figure 2A . On the other hand, wortmannin and LY294002, but not caffeine, partially inhibited the phosphorylation of H3S10. These results indicated that CSS activated the PI3K/Akt pathway, leading to the phosphorylation of H3S10.
To confirm the correlation with the PI3K/Akt pathway, the phosphorylation of Akt following the treatment with CSS was examined ( Figure 4B ). CSS phosphorylated Akt in a time-and dose-dependent manner. Furthermore, Akt 1 was knocked down by siRNA ( Figure 4C ). The efficiency of knockdown was ~80 to 90%. The phosphorylation of H3S10 after the treatment with CSS was reduced in knocked down cells.
The activation of PI3K/Akt by CSS was shown to be downstream of JNK activation. The phosphorylation of Akt after the treatment with CSS was partially inhibited by the JNK inhibitor, SP600125, whereas the phosphorylation of JNK was not by the PI3K inhibitor, LY294002 ( Figure 4D ). The phosphorylation of H3S10 was partially suppressed by LY294002 and markedly suppressed by SP600125; however, concomitant treatment with the inhibitors did not accelerate inhibition ( Figure 4E) . These results suggested that CSS-induced activation of the JNK pathway, part of which was transduced to the PI3K/Akt pathway, resulted in the phosphorylation of H3S10.
Transcriptional activation of the proto-oncogenes, c-fos and c-jun based on the phosphorylation of H3S10
The phosphorylation of H3S10 was shown previously to play an important role in the induction of immediate-early genes, such as c-fos and c-jun (20) (21) (22) . Treatment with CSS significantly induced c-fos and c-jun dose-dependently ( Figure 5A ). This was confirmed using other cell lines ( Supplementary Figure 6 , available at Carcinogenesis Online). To examine whether CSS stimulated H3 phosphorylation at c-fos and c-jun loci, ChIP assays were performed using an antibody that recognized phosphorylated H3S10. Genomic DNA present in the immunoprecipitates was extracted and analyzed by real-time PCR using primers specific to the genes as shown in Figure 5B . The vertical axis shows values of % of input expressed as the ratio to untreated control ( Figure 5C ). Averages of % of input in ChIP using IgG were within 1%. CSS enhanced the phosphorylation of H3S10 on the c-fos promoter region (−300). In the c-jun gene, H3S10 was phosphorylated at the regions from promoter −1000 to +1000. Pretreatment with LY294002 partially decreased the phosphorylation of H3S10 on the c-jun promoter region (−80; Figure 5D ), which indicated that the PI3K/Akt pathway was activated by CSS phosphorylated H3S10, leading to the transcriptional activation of the proto-oncogenes, c-fos and c-jun.
What chemicals are involved in the phosphorylation of H3S10?
Cigarette smoke is known to include more than 4800 kinds of chemicals. To examine which chemicals contributed to the phosphorylation of H3S10, typical chemicals known to exist in cigarette smoke, benzo[a]pyrene (BaP), N-nitrosodimethylamine (NDMA), hydroquinone (HQ), p-benzoquinone (BQ) and formaldehyde, were added to A549 cells. High doses of HQ slightly induced the phosphorylation of H3S10, which was lower than that of CSS-induced phosphorylation, and BaP, NDMA and BQ did not have any effect on phosphorylation ( Figure 6A ). Only formaldehyde caused marked increase in the phosphorylation of H3S10 ( Figure 6B ). However, the concentration of formaldehyde in CSS used in this study was ~60 μM from high-performance liquid chromatography analysis (data not shown), which concentration is much lower than that used in Figure 6B . To further examine the effect of aldehydes on the phosphorylation of H3S10, CSS was passed through DNPH-coated silica gel to remove aldehydes. The phosphorylation induced by CSS passed through the DNPH-coated gel was less than that by CSS passed through an uncoated gel ( Figure 6C) . These results suggested that the phosphorylation of H3S10 may be partially generated by the cooperative effects of some aldehydes plus other chemicals.
Discussion
The phosphorylation of H3S10 and H3S28 in mammalian cells has been reported to be a part of the nucleosomal response downstream of activation of the MAPK pathways (17, 20, 22) . Mitogen and stressactivated protein kinase 1 and 2 (MSK1 and MSK2) are activated by either MAPK (ERK, JNK or p38) and phosphorylated H3S10 and H3S28. As a downstream target of the MAPK signaling pathways, phosphorylation is a response to a vast array of extracellular stimuli including growth factors and stressors such as UV light, alcohol and metals (24) (25) (26) (27) . In this study, we revealed that CSS also phosphorylated H3S10 and H3S28. As cigarette smoke has been reported to activate MAPK pathways (9, 13, 14) , attenuating the phosphorylation of H3S10 by MAPK inhibitors was expected. The main signal was via the JNK pathway, not the p38 pathway. Previous studies reported that cigarette smoke and its compounds such as unsaturated aldehydes and volatile organic compounds activated p38 (34, 35) , however, this was not observed in our study. As CSS was prepared by bubbling smoke in the culture medium, these volatile and insoluble compounds in water may not have been trapped. JNK activation was previously attributed to ROS generated by cigarette smoke (14, 15) . The treatment with CSS produced ROS, which generated γ-H2AX (7). However, even excess amounts of H 2 O 2 did not induce the phosphorylation of H3S10 ( Supplementary Figure 5 , available at Carcinogenesis Online), which indicates that activation of the JNK pathway leading to the phosphorylation of H3S10 by CSS was not caused by ROS formation and may have been dependent on any chemicals in CSS. Compounds related to the phosphorylation of H3S10 are discussed later.
The PI3K/Akt pathway was related to the phosphorylation of H3S10 with MAPK activation. PI3K inhibitors and siRNA for Akt1 decreased the phosphorylation of H3S10 ( Figure 4A-C) . Interestingly, the phosphorylation of Akt was inhibited by the JNK inhibitor and the phosphorylation of JNK was not by the inhibitor of PI3K ( Figure 4D ). Akt was suspected to act downstream of JNK in CSS-treated cells. Previous studies revealed controversial results in which Akt mediated signal pathways upstream of JNK (36, 37) or independently (38) using the same inhibitors. Although it was not clear whether the JNK-PI3K/Akt pathway was specific to CSS, it is sure that both JNK and JNK-PI3K/Akt pathways resulted in the phosphorylation of H3S10. Arsenite-induced phosphorylation of H3S10 was reported to be mediated by Akt1 and other kinases, not by MAPK (39) . UVB also phosphorylated H3S10 via Fyn kinase and its downstream Akt (27) . Although few reports showed that Akt1 mediated phosphorylation of H3S10, cigarette smoke and its compounds such as nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and nicotine have been shown to activate the PI3K/Akt pathway (40, 41) . Akt activates IκB kinase (42) and IκB kinase-α phosphorylates histone H3, which is critical for cytokine-induced gene expression (43) . These pathways may have partially mediated the phosphorylation of H3S10 via Akt1 after the treatment with CSS. On the other hand, cigarette smoke has controversially been shown to degrade the Akt protein (44) . Figure 4B and D show that the expression of Akt1 slightly decreased in a timedependent manner and excess exposure to CSS (75 and 100%) also decreased its expression. Even if the expression of Akt decreased, the excess phosphorylation of Akt induced by CSS may mediate histone modifications.
As described previously, specific compounds in cigarette smoke were reported to activate the MAPK and PI3K/Akt pathways. Major compounds possibly containing CSS were used to examine whether they were related to the phosphorylation of H3S10 ( Figure 6 ). BaP was shown to activate PI3K, which altered cell growth (45) . NDMA and the benzene metabolite, BQ, also activate MAPK (46, 47) . The phosphorylation of H3S10 was observed when cells were treated with high concentrations of HQ, but not BaP, NDMA or BQ. Only formaldehyde caused a significant increase in the phosphorylation of H3S10.
We analyzed aldehydes in CSS using high-performance liquid chromatography and found that the concentration of formaldehyde was ~60 μM. This concentration was much lower than that which induced the phosphorylation of H3S10 in Figure 6B . Other aldehydes in CSS such as acetaldehyde were observed in the high-performance liquid chromatography analysis of CSS. Acetaldehyde is a metabolite of ethanol. Drinking ethanol was shown previously to induce the phosphorylation Cross-linked chromatin fragments were prepared from A549 cells, which were treated with 50% of CSS for 2 h. Specific DNAs were immunoprecipitated with an anti-phospho-H3S10 antibody. Recovered DNAs from antibody-bound fractions as well as total input DNA released from chromatin were applied for real-time PCR for the c-jun and c-fos gene sequences. (D) The phosphorylation of H3S10 at c-jun in the presence of LY294002. Chromatin fragments were prepared from A549 cells, which were treated with 50% of CSS in the presence of LY294002 (10 μM). The data are given as enrichment values against input and represented as a ratio to the untreated control (n = 3). The reproducibility of the results was confirmed by at least two separate experiments. Values are means ± SD (n = 3). The significance is represented. *P < 0.05. of H3S10 and H3S28 in vivo (48) . Ethanol caused translocation of all three MAPKs to the nucleus; however, the phosphorylation of histone H3S10 and 28 was mediated by p38. Furthermore, the experiment using the DNPH-coated gel showed that aldehydes played a partial role in the phosphorylation of H3S10 ( Figure 6C ). Therefore, we consider that the phosphorylation of H3S10 may have occurred by the cooperative effects of several aldehydes and other unidentified chemicals.
Alterations in histone modifications by cigarette smoke coincided with changes in DNA methylation, which resulted in a marked increase in soft agar clonogenicity (49) . The phosphorylation of H3S10 was previously linked to transcriptional regulation, especially various genes responding to stress or mitogen-stimulated signaling pathways, such as c-fos and c-jun (22, 23) . The ChIP assay performed in this study also showed H3S10 phosphorylation in the c-fos and c-jun promoter region ( Figure 5 ). The phosphorylation of H3S10 is considered to be tightly associated with the acetylation of H3K9 and H3K14 (31, 32) . Histone acetylation is known to relax the chromatin structure and activate gene expression. The acetylation of H3K9 and H3K14 was observed around the same time with the phosphorylation of H3S10 ( Figure 1A) , which suggested the possibility that relaxation of the chromatin structure of DNA and histones occurred at the promoter region of proto-oncogenes. The induction of c-fos and c-jun promoters is reported to be critical for neoplastic cell transformation (16, 17) . Therefore, the phosphorylation of H3S10 means that CSS has promoting activity.
Cigarette mainstream smoke has been known to exhibit tumorpromoting activity because it enhanced cell proliferation, survival and anchorage-independent growth (9) (10) (11) (12) . In this study, we showed that CSS acted as a tumor promoter along with tumor initiator, which produces DNA damage, based on histone modifications. We summarized the relationship between CSS-induced histone modifications and tumorigenic activity in Supplementary Figure 7 , available at Carcinogenesis Online. CSS generated γ-H2AX via ATM/ATR, which showed the induction of DNA damage; therefore, CSS is a tumor initiator. On the other hand, CSS generated the phosphorylation of H3S10, in which the promoter region of proto-oncogenes existed, leading to tumor promotion. These signals were mainly sent via the JNK pathways and partly through the PI3K/ Akt pathway. The promoting activity of passive smoking has not been discussed in detail. The phosphorylation of H3S10 may become a good indicator of the tumor promotion potential of carcinogenic chemicals. Supplementary Figures 1-7 and Table 1 can be found at http://carcin. oxfordjournals.org/
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